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ABSTRACT
We search for far-infrared (FIR) counterparts of known supernova remnants (SNRs) in
the Galactic plane (360◦ in longitude and b = ±1◦) at 70 – 500 µm with Herschel. We
detect dust signatures in 39 SNRs out of 190, made up of 13 core-collapse supernovae
(CCSNe), including 4 Pulsar Wind Nebulae (PWNe), and 2 Type Ia SNe. A further 24
FIR detected SNRs have unknown types. We confirm the FIR detection of ejecta dust
within G350.1−0.3, adding to the known sample of ∼ 10 SNRs containing ejecta dust.
We discover dust features at the location of a radio core at the centre of G351.2+0.1,
indicating FIR emission coincident with a possible Crab-like compact object, with
dust temperature and mass of Td = 45.8 K and Md = 0.18 M, similar to the PWN
G54.1+0.3. We show that the detection rate is higher among young SNRs. We produce
dust temperature maps of 11 SNRs and mass maps of those with distance estimates,
finding dust at temperatures 15 . Td . 40K. If the dust is heated by shock interactions
the shocked gas must be relatively cool and/or have a low density to explain the
observed low grain temperatures.
Key words: ISM: supernova remnants – infrared: ISM – submillimetre: ISM – stars
1 INTRODUCTION
Whether or not supernovae are an important contributor to
the dust budget of galaxies at all cosmic epochs remains an
unresolved question (Morgan & Edmunds 2003; Dwek et al.
2007; Matsuura et al. 2009; Gall et al. 2011; Rowlands et al.
2014; Mancini et al. 2015; De Vis et al. 2017). One way to
resolve this is to search for infrared (IR) and submillime-
tre (submm) emission from cold ejecta dust in nearby su-
pernovae (SNe) and supernova remnants (SNR), where the
sources are close enough to resolve dust structures in the
FIR. There now exists a handful of individual SNRs with re-
ported detections of SN-associated dust structures, contain-
ing significant quantities of dust. These include Cassiopeia
A (Dunne et al. 2003; Krause et al. 2004; Dunne et al. 2009;
Barlow et al. 2010; De Looze et al. 2017), the Crab Nebula
? E-mail: ChawnerHS@cardiff.ac.uk
(Temim et al. 2012; Gomez et al. 2012b; De Looze et al.
2019), SNR1987A (Indebetouw et al. 2014; Matsuura et al.
2015), G54.1+0.3 (Temim et al. 2017; Rho et al. 2018) and
also G0.0+0.0 (Lau et al. 2015), G292.0+1.8 (Ghavamian
& Williams 2016), G350.1−0.3 (Lovchinsky et al. 2011) and
G357.7+0.3 (Phillips et al. 2009). The majority of SNe with
reported high ejecta dust masses to date have been the rem-
nants of core-collapse SNe.
We can now move on from small numbers of individ-
ual studies thanks to the availability of large surveys of the
Galactic Plane with the Spitzer Space Telescope (hereafter
Spitzer, Werner et al. 2004) and the Herschel Space Observa-
tory (hereafter Herschel, Pilbratt et al. 2010); these provide
images of hundreds of SNRs from the near- to far-infrared
(NIR – FIR, 3.6 – 500 µm). Previous works have used areas
within these surveys to detect dust signatures associated
with SNRs including the Spitzer catalogues of Reach et al.
(2006) and Pinheiro Goncalves et al. (2011), and the re-
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cent Herschel sample of Chawner et al. (2019, hereafter C19,
drawn from the Herschel Infrared Galactic Plane Survey I,
Hi-GAL I over 10◦ <| l |< 60◦ at 70–500 µm). Those works
reported the detection of dust emission associated with SNR
structures in 18, 39 and 29 SNRs respectively over a region
of the Galactic Plane covering ∼100 square degrees, sug-
gesting SN-related dust emission is rather common. Prior to
the Spitzer and Herschel era, FIR surveys of Galactic SNRs
with IRAS by Arendt (1989) and Saken et al. (1992) de-
tected emission from dust in 11 and 17 SNRs respectively
within the Galactic Plane (b≤| 1◦ |), based on the Green
(2014) catalogue. These FIR surveys used observations cen-
tred at 12, 25, 60, and 100 µm at respective resolutions of
0.5 ′ at 12 µm and 2 ′ at 100 µm. The more recent whole sky
survey with AKARI, at wavelengths of 2.4 – 160 µm and an-
gular resolution of 0.5′ in the 65 µm band, studied 20 Galac-
tic SNRs (Koo et al. 2016). With the higher resolution of
Herschel (6′′ at 70 µm) it should be possible to more easily
disentangle SNR and unrelated interstellar dust near to the
remnant, and to confirm or update the detection levels of
these previous studies.
C19 further discovered clear evidence for dust formation
in the ejecta of the pulsar wind nebulae (PWNe) G11.2−0.3,
G21.5−0.9 and G29.7−0.3 alongside the previously discov-
ered G54.1+0.3, with a detection rate of ∼45 per cent for
this class of remnant within the area studied. Such a high
detection rate implies that many PWNe may contain dust,
some of which can be freshly formed ejecta dust (see also
Omand et al. 2019). Though they report that the high de-
tection rates in this SN class may simply be due to ob-
servational bias: the dust in the PWNe appears hotter
than the surrounding regions and it is easier to disentan-
gle warmer/heated dust structures from unrelated dust in
the surrounding cooler ISM.
One remaining critical question is whether or not Type
Ia supernovae could also produce dust in their ejecta. Her-
schel observations of the historical Tycho and Kepler SNRs
by Gomez et al. (2012a) showed that although dust struc-
tures associated with the SNR material (as traced by X-ray
and radio emission) were clearly detected, these dust struc-
tures originated from the swept up circumstellar and inter-
stellar medium respectively (see also Ishihara et al. 2010)
and not from freshly-formed ejecta dust.
Using Herschel in the FIR to search for dust signatures
is not always superior to using MIR observations from, for
example, Spitzer (particularly at 24 µm where searching for
dust signatures can be easier since the hotter dust emission
can be more clearly disentangled from interstellar material).
However, the increased sensitivity and resolution with Her-
schel at wavelengths ≥ 70 µm compared to lower resolution
FIR observatories can be important for disentangling inter-
stellar and SN-related structures in confused regions com-
pared to e.g. Spitzer at the same wavelengths, IRAS, and
AKARI (Murakami et al. 2007). The longer Herschel wave-
bands have the added advantage of being able to reveal the
presence of any existing colder dust potentially missed by
shorter wavelength observations (e.g. Barlow et al. 2010;
Matsuura et al. 2011; Gomez et al. 2012b; Temim et al.
2017; Rho et al. 2018).
Unfortunately, confusion with the ISM is the major lim-
itation when studying dust in SNRs (e.g. in Cas A). Indeed
in the Herschel Galactic SNRs studied by Chawner et al.
(2019), confusion meant that SN dust structures could not
be separated from unrelated ISM in more than 60 per cent of
the sample, and even for those sources with clear FIR dust
signatures coincident with known X-ray and radio emission
originating from the SNRs, confusion still persists in a large
fraction (also noted by Pinheiro Goncalves et al. 2011).
Therefore, in order to verify the importance (or not) of
SNe as dominant dust producers in galaxies and to deter-
mine which SNe form dust in their ejecta material, a larger
statistical sample is needed. In this paper we supplement
the first-look catalogue from C19 and present a full Her-
schel Galactic Plane survey of SNRs detected at FIR wave-
lengths (≥70 µm). This study covers an area roughly twice
as large as that of Chawner et al. (2019), and reveals dusty
SNRs that are older than the previous targeted Herschel
SNRs such as Cas A and Tycho. In Section 2 we introduce
the survey and classify Galactic SNRs with detection levels
based on whether there are associated dust features in the
Herschel images. Section 3 investigates the properties of the
dust for those sources where clear dust features were found.
Our results are discussed in Section 4, and our summary is
listed in Section 5.
2 SURVEY FOR FAR INFRARED
SUPERNOVA REMNANT EMISSION
We study the remaining SNRs in the Galactic Plane (Green
2004) using Hi-Gal (Molinari et al. 2010, 2016) covering 360◦
in longitude and | b |≤ 1. There are a total of 200 SNRs in
this area, although Herschel images for 10 are unavailable,
this work therefore includes an additional 119 sources com-
pared to C19, and an additional 92 and 66 sources compared
to the previous dusty catalogues of Galactic SNRs studied
using Spitzer in Reach et al. (2006, MIR, λ ≤ 24µm) and
Pinheiro Goncalves et al. (2011, λ ≤ 70µm) respectively (an
additional 163 and 137 SNRs when this work is combined
with the Herschel catalog in C19).
In brief, each remnant was first inspected as a false
colour image combining the 70, 160, and 250 µm Herschel
wavebands, regridded and convolved to the resolution of the
250 µm band (see the Appendix at https://github.com/
hanchawn/Arxiv for the three colour Herschel images, Fig-
ure A1). FIR emission from SNRs can be thermal or non-
thermal. Thermal FIR will arise from warm dust such as
warm ejecta material, shock-heated dust in the forward or
reverse blast waves, photo-ionised material near a PWN, or
swept-up ISM. Non-thermal emission originates from syn-
chrotron emission from shocks or PWNe, although this is
not expected to be significant except in the case of plerion
objects such as the Crab where synchrotron emission con-
tributes between 19 and 88 per cent of the flux in the vari-
ous Herschel wavebands (De Looze et al. 2019). We compare
with multi-waveband images to identify dust emission asso-
ciated with each SNR which, in principle, should allow us to
identify the emission mechanism. For the most part we com-
pare with radio and, where available, X-ray images, both of
which trace shock-heated material, see individual notes in
Section 2.1 for details. Where radio and X-ray structures
originate from a PWN, incident FIR emission may indicate
dust in a photo-ionised region. We can also use X-ray and op-
tical images to identify ejecta material or swept-up/shocked
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ISM and in some cases, any correlation observed between
FIR and MIR or NIR emission can help to identify a variety
of FIR sources such as shock-heated dust or swept up ISM.
The method for determining if dust signatures related
to SNe material are present in the Herschel images is de-
scribed in full in C19 and is the same classification crite-
ria as used in the Spitzer SNR catalogues of Reach et al.
(2006) and Pinheiro Goncalves et al. (2011). Following the
definition of detection levels from the MIR Spitzer SNR cat-
alogue in Reach et al. (2006, see also C19), we define de-
tections as: 1 = detection (FIR emission which is clearly
correlated with radio, MIR, or X-ray structure and can be
distinguished from the ISM), 2 = possible detection (FIR
emission in the region of the SNR, potentially related to
radio, MIR, or X-ray structure but confused with ISM),
3 = unlikely detection (detection of FIR emission which
is probably unrelated to the SNR), and 4 = no detec-
tion of FIR emission. We also introduce a new category in
this work, ‘i’, to account for the fact that in some cases,
the only dust signatures associated with the SNR (via ra-
dio and/or X-ray emission) are found in regions where the
shell is known to be interacting with a molecular cloud. Ta-
ble A1 (https://github.com/hanchawn/Arxiv) lists the full
117 Galactic SNRs from HiGAL studied in this survey along
with the 71 sources studied by C19, with the 39 detected
level 1 SNRs summarised in Table 1. Individual details pro-
vided for each SNR assigned a detection rate of 1 or 2 in this
work (10 level 1 and 11 level 2) are listed in the following Sec-
tion. We note that the availability and quality of ancillary
data and the depth of those observations is not the same
for all SNRs, which makes it impossible to automate the
classification of the detection levels, and thus requires man-
ual intervention and interpretation. This could introduce a
bias towards bright, well studied sources that we classify as
detections here, similarly this could also be a factor in the
previously quoted rates for SNRs detected in near-MIR cat-
alogues with Spitzer (Reach et al. 2006; Pinheiro Goncalves
et al. 2011).
2.1 Results for Individual Remnants
Notes on individual sources classed as detection level 1
(FIR emission which is clearly correlated with radio, MIR,
or X-ray SNR structure and can be distinguished from the
ISM) and detection level 2 (FIR emission in the region of the
SNR, potentially related to radio, MIR, or X-ray structure
but confused with ISM) are provided in this section.
G0.0+0.0 (Sgr A East): This CCSN remnant (Figure 1)
has an elliptical radio shell with a plume of radio and X-
ray emission at the northern edge. There is an associated
runaway neutron star, the Cannonball, and a PWN in front
of this plume (e.g. Nynka et al. 2013; Zhao et al. 2013).
There are numerous unrelated Hii regions in this complex;
the largest, Sgr A West, is observed within the SNR shell
on the western side and has a spiral structure. Four smaller
regions are found to the east, just outside of the SNR radio
shell. Observations of 327 MHz absorption place Sgr A West
in front of the SNR (Yusef-Zadeh & Morris 1987), although
their relative distances are uncertain. There is some evidence
that the two sources are at a similar distance and there has
been some interaction between the expanding shell and Sgr
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Figure 1. G0.0+0.0, Sgr A East - top: Herschel three colour
image with JVLA 5.5 GHz contours overlaid in white and SOFIA
37.1 µm contours overlaid in cyan, colours are red = 250 µm, green
= 160 µm, and blue = 70 µm. Bottom: A zoom in on the dust
factory detected within the magenta circle (top) by Lau et al.
(2015). left: the SOFIA 37.1 µm detection from their work, and
right: the Herschel 70 µm image with SOFIA 37.1 µm contours
overlaid. Here the Herschel and SOFIA data have been scaled
considerably to show this faint feature. (For the bottom panels we
use the cube helix colour scheme (Green 2011).) The gold circles
to the east indicate the locations of Hii regions (Goss et al. 1985)
and the gold circle to the west indicates the location of Sgr A
West. The diamond to the north indicates the location of the
associated neutron star, ‘The Cannonball’, and the diamond to
the west indicates the location of Sgr A*. The white cross shows
the radio coordinates of the SNR centre from Green (2014). The
same Herschel colour combinations and orientation are used in
Figures 2 – 18.
A West (Yusef-Zadeh & Goss 1999; Yusef-Zadeh et al. 2000;
Maeda et al. 2002), although this is controversial.
The SNR age and X-ray observations of hot ejecta at
its centre both suggest that the reverse shock has already
reached the centre of this source (Maeda et al. 2002). Lau
et al. (2015) completed a detailed analysis of the central re-
gion using data in the range 5.8–70 µm from Spitzer IRAC,
the Faint Object Infrared Camera for the SOFIA Telescope
(FORCAST), and Herschel PACS (70 µm). These observa-
tions indicate the presence of dust within the SNR central
region, north-east of Sgr A West (indicated by the magenta
circle in the top panel of Figure 1). They studied the 5.8–
37.1 µm emission from several regions in and around the
MNRAS 000, 1–25 (2020)
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Table 1. A summary of the supernova remnants in the Hi-GAL Survey with detection level = 1: FIR emission which is clearly correlated
with radio, MIR, or X-ray structure and can be distinguished from the ISM. a ‘Y’ indicates that a source contains an associated PWN,
‘?’ indicates an unconfirmed PWN candidate. The FIR detection of the PWN is indicated in the brackets. b Location of FIR detected
dust features. c Waveband of previous detection to which FIR structure is compared: O = optical, R = radio, X = X-ray. References
for age and SN type for this table are: 1Pihlstro¨m et al. 2014, 2Rho & Borkowski 2002, 3Borkowski et al. 2016, 4Case & Bhattacharya
1998, 5Reynolds 2006, 6Klochkov et al. 2016, 7Voisin et al. 2016, 8Bietenholz & Bartel 2008, 9Bocchino et al. 2005, 10Leahy et al. 2008,
11Morton et al. 2007, 12Chen et al. 2004, 13Wolszczan et al. 1991, 14Zhu et al. 2013, 15Harrus & Slane 1999, 16Leahy & Ranasinghe
2016, 17Pye et al. 1984, 18Smith et al. 1985, 19Hwang et al. 2000, 20Lopez et al. 2013, 21Bocchino et al. 2010, 22Park et al. 2013, 23Shan
et al. 2018, 24Bamba et al. 2016, 25Combi et al. 2010b, 26Reynolds et al. 2013, 27Combi et al. 2016, 28Andersen et al. 2011, 29Pannuti
et al. 2014, 30Nugent et al. 1984, 31Frank et al. 2015, 32Caswell et al. 1983b, 33Giacani et al. 2011, 34Yamaguchi et al. 2012, 35Pannuti
et al. 2014, 36Tian & Leahy 2012, 37HESS Collaboration 2008, 38Tian & Leahy 2014, 39Yasumi et al. 2014, 40Gaensler et al. 2008,
41Lovchinsky et al. 2011, 42Dubner et al. 1993.
SNR Name
PWN a
(FIR)
Age
(kyr)
SN Type Dust features b Comparison c References
G6.4−0.1 W28 10 Filaments R 1; 2
G8.3−0.0 Shell R
G11.1−1.0 Shell OR
G11.1+0.1 Western shell R
G11.2−0.3 Y (Y) 1.4 − 2.4 Type cIIb or Ibc Shell RX 3
Central region (PWN)
G13.5+0.2 Filaments R 4
G14.1−0.1
G14.3+0.1 Partial shell R
G15.9+0.2 6 2.4 Core collapse Partial shell RX 5; 6
G16.4−0.5 Central region R
G18.6−0.2 ? (N) 13 Core collapse Outer filaments R 7
G20.4+0.1 3.6 Shell R
G21.5−0.9 Y (Y) 0.87 Type IIP or Ib/Ic Central region (PWN) X 8; 9
G21.5−0.1 Central region R
G29.7−0.3 Kes 75 Y (Y) < 0.84 Type Ib/c Central region (PWN) RX 10; 11
G31.9+0.0 3C391 4 Partial shell 12
Northwestern radio bar
G33.2−0.6 Western shell R 4
G34.7−0.4 W44 Y (N) 2 Core collapse North and western shell R 13; 14
Central filaments
G39.2−0.3 3C396 Y (N) 7 Western shell R 15; 16
G43.3−0.2 W49B 1 − 4 Bipolar Ib/Ic Fe/radio loop R 17;18;19;20
H2 filament
G54.1+0.3 Y (Y) 2 Core collapse PWN southern rim 21
G54.4−0.3 (HC40) 95 Outer filaments 22
G65.8−0.5 Eastern structure OR 23
G67.8+0.5 OR
G298.6−0.0 Outer filaments XR 24
G304.6+0.1 Kes 17 28 − 64 Core collapse Western shell R 25
G306.3−0.9 2.3 Type Ia Inner region XR 26;27
G310.8−0.4 Kes 20A R 28
G311.5−0.3 25 − 42 Shell 29
G332.4−0.4 RCW 103 2 Type IIP Southern arc X 30; 31
G340.6+0.3 2.6 Shell R 32
G344.7−0.1 3 Type Ia North-central region XR 33; 34
G348.5−0.0 Arc R 35
G348.5+0.1 CTB37A ? (N) 32 − 42 Northern arc R 1; 35; 36
Breakout region
G348.7+0.3 CTB 37B 5 Core collapse North-eastern shell R 37
G349.7+0.2 1.8 Core collapse Eastern shell R 1; 38; 39
G350.1−0.3 0.6 − 1.2 Core collapse Ejecta region R 39; 40; 41
G351.2+0.1 Northern bar R 42
Central region
G357.7−0.1 MSH 17-39 Head and tail regions R 1
The Tornado
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Figure 2. G6.4−0.1, W28 - Top: Herschel three colour im-
age and bottom: Herschel 70 µm image, both with radio (90 cm)
contours overlaid. The arrows and magenta circle indicate fila-
ments of 70 µm emission which are coincident with radio struc-
ture. There is FIR emission at the location of other radio emission,
although the structure is different and association is unclear. The
gold circle indicates the location of an unrelated Hii region. The
white cross shows the radio coordinates of the SNR centre from
Green (2014).
location of the SNR dust, using the 70 µm flux as an upper
limit. They assumed it is composed of amorphous carbon
grains with two grain sizes (large grains of ∼ 0.04 µm and
very small grains of ∼ 0.001 µm) which is heated by a nearby
cluster of massive young stars. This gave a total ejecta mass
of ∼ 0.02M of warm (∼ 100 K) dust which has survived the
passage of the reverse shock.
We compare Herschel maps with the JVLA 5.5 GHz im-
age (Zhao et al. 2013). We reduced the VLA data, using
the Common Astronomy Software Applications (CASA) of
the National Radio Astronomy Observatory (NRAO). The
C-band (4.5–6.4 GHz) continuum image of Sgr A* was pro-
duced by combining multiple VLA observations taken be-
tween March and July 2012. The data were processed in the
AIPS software package (Greisen 2003), following standard
calibration and wide-band imaging procedures.
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Figure 3. G8.3−0.0 - Herschel three colour image with VLA
20 cm contours overlaid. A shell structure is detected across all
Herschel wavebands. There is some variation in the FIR structure
compared with the radio, however there is coincidence between
the two. The large gold circle indicates the location of an IR
bubble. The white crosses shows the X-ray coordinates of the
SNR centre and the small gold circle indicates the location of a
maser.
Using the five bands of Herschel data from HiGAL we
search for dust features associated with the SNR and with
the Lau et al. (2015) dust discovery (see the bottom panel
of Figure 1). We find that the entire region inside the SNR
shell is extremely confused in the Herschel bands (as origi-
nally noted by Lau et al. 2015). The flux at 70 µm due to
background emission (determined by placing multiple aper-
tures across the map outside of the bright dust features) is of
order 1000 Jy. Integrating the emission within the Lau et al.
(2015) dust region (cyan contours in Figure 1) and subtract-
ing the background we estimate that ∼ 95 per cent of the flux
in that area originates from unrelated background flux i.e.
there is no significant detection above the background noise
in the Herschel 70 – 500 µm bands. The 3σ upper limit we
derive for the dust region from the 70 µm map is ∼12 Jy
which is consistent with the Lau et al. (2015) estimate. This
region is too heavily confused to constrain if there is cooler
dust at this location using the Herschel images and therefore
we assign this a detection level 2.
There is bright emission to the west in the 70 – 250 µm
bands at the location of the Hii region Sgr A West which
appears bluer compared to the surrounding dust emission
(Figure 1), and which is coincident with the brightest region
in the radio. There is also an IR structure to the east of
the source in all Herschel wavebands (orange structure in
the top panel Figure 1). It is thought that the SNR is inter-
acting with a molecular cloud on this side (e.g. Sjouwerman
et al. 2010; Tsuboi et al. 2015). This continuum emission
may originate from shock-heated dust, however, it does not
correspond to the radio morphology and it is more likely
that it is unrelated.
G6.4−0.1 (W28): W28 is a well-studied mixed mor-
MNRAS 000, 1–25 (2020)
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Figure 4. G9.9−0.8 - Herschel three colour image with VLA
90 cm contours overlaid. There is FIR emission in a shell struc-
ture at the western/north-western edge of the radio shell. How-
ever, the morphology of the structures are different and there are
multiple Hii regions (gold diamonds) and FIR bubbles (gold cir-
cles) (Simpson et al. 2012), as such, we can not confirm if this is
associated with the SN. The white crosses shows the radio coor-
dinates of the SNR centre.
phology remnant with evidence of a molecular cloud-SN
blast wave interaction (e.g. Wootten 1981; Reach et al.
2005). We see many filaments of 70 µm emission which fol-
low the radio contours in Figure 2. Although the proximity
of Hii regions makes this region confused, we propose that
the structure in the Herschel data (arrows and magenta cir-
cle in Figure 2) on the eastern side of the remnant, and to
the north is associated with the SNR due to its close corre-
lation with radio emission. The 70 µm emission on the east-
ern side is also coincident with shocked H2 emission (Reach
et al. 2005) from the interaction border between the SNR
and molecular clouds. Furthermore, the dusty region in the
magenta circle and the northernmost part of the dust feature
indicated by the arrows overlap with shocked molecular gas
(12CO(3-2), Figure 1b in (Zhou et al. 2014), see also Arikawa
et al. 1999). Although the region is confused in the Herschel
images, given the strong association of the 70 µm filaments
with the radio structures, we classify this as a level 1 detec-
tion.
G8.3−0.0: Brogan et al. (2006) detected a radio shell
at 90 cm with a very bright region at α = 18h04m38s, δ =
−21◦47′17′′. There is a shell of emission detected across all
Herschel wavebands which correlates with the radio struc-
ture as shown in Figure 3. As such, this satisfies our crite-
ria for a level 1 detection. There is a marked colour vari-
ation within this shell. At wavelengths longer than 70 µm
there is a bright patch to the south-west, and emission is
detected at all wavelengths from the location of a maser at
α = 18h04m36.02s,δ =−21◦48′19.6′′ (Green et al. 2010; He-
witt & Yusef-Zadeh 2009). There is also FIR emission across
all Herschel wavebands to the south-east of the SNR, near
α = 18h04m43.5s,δ = −21◦51′29.5′′, although this region is
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Figure 5. G12.7−0.0 - Herschel three colour image with VLA
20 cm contours overlaid. The region is very confused to the east,
there is FIR emission in the south-western region of the SNR
shell. There are also FIR bubbles at this location (Simpson et al.
2012), as indicated by the gold circles. The white crosses shows
the radio coordinates of the SNR centre.
at the edge of a FIR bubble (Simpson et al. 2012, Figure 3)
making its association with the SNR unclear.
G9.9−0.8: This SNR has a shell structure detected in
radio (90 cm, Brogan et al. 2006) and optical (Hα, Stupar
& Parker 2011) wavebands. As seen in Figure 4, there is
FIR emission detected at the location of the western edge
of the radio shell. However, there are multiple Hii regions
and FIR bubbles (Simpson et al. 2012) at this location, and
the FIR structure is distributed differently to that of the
radio. Although molecular hydrogen from an interaction be-
tween the SNR and molecular clouds was discovered in He-
witt & Yusef-Zadeh (2009), there is no accompanying image
to compare with the dust features. We therefore argue that
the FIR features are potentially related to the SNR, as such
this satisfies our criteria for a level 2 detection.
G12.7−0.0: Brogan et al. (2006) detected a radio shell
from this SNR. There is FIR emission in Figure 5 coincident
with the south-western region of the radio shell, although
there is a FIR bubble (Simpson et al. 2012) at this location
and therefore we cannot be sure of the origin of this emission.
We therefore classify this as a level 2 detection.
G13.5+0.2: We detect filaments of emission at 70 and
160 µm which correlate with VLA 20 cm radio structure
(Helfand et al. 1989) as indicated by the arrows in Fig-
ure 6. There is 70 µm emission along the south-western edge,
within the VLA contours. It is thought that this may be a
ridge of shock-heated dust resulting from the interaction be-
tween the SNR and surrounding molecular clouds, which is
in agreement with the detection of H2 from this source (Froe-
brich et al. 2015). There is more confusion in the longer
wavebands and there does not seem to be any associated
MNRAS 000, 1–25 (2020)
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Figure 6. G13.5+0.2 - Herschel 70 µm image with VLA 20 cm
contours overlaid. Filaments are detected at 70 µm which are co-
incident with radio emission, and are indicated by the arrows.
These are more confused at 160 µm, and cannot be distinguished
from surrounding ISM in the longer Herschel wavebands. The
white cross shows the radio coordinates of the SNR centre from
Green (2014).
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Figure 7. G23.3−0.3 (W41) - Herschel three colour image
with VGPS 21 cm contours overlaid. The gold circles indi-
cate the locations of some of the unrelated sources in this re-
gion, such as molecular clouds and bubbles. The gold diamonds
at α = 18h34m51.8s,δ = −08◦44′38.2′′ and α = 18h34m46.6s,δ =
−08◦44′31.4′′ indicate the locations of a gamma-ray source (HESS
J1834–087) and OH (1720 MHz) maser lines. The other gold dia-
monds indicate the locations of masers.
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Figure 8. G65.8−0.5 - Top: Herschel 70 µm image and bottom:
Herschel three colour image, both with radio NVSS 1.4 GHz con-
tours overlaid. FIR structure is detected at the eastern edge of
the SNR, at the location of radio and Hα structure (Sabin et al.
2013). An unidentified region of FIR emission is detected at the
centre of the source at 160 – 500 µm. The white cross shows the
radio coordinates of the SNR centre from Green (2014).
structure in those bands. Based on the coincidence with the
70 µm filaments and radio features, we therefore classify this
as detection level 1.
G23.3−0.3 (W41): This SNR is in a very crowded region
of the Galactic Plane, where there are multiple dense cores,
YSOs, Hii regions, and bubbles. The presence of a gamma-
ray source (HESS J1834–087) and OH (1720 MHz) maser
lines near the centre of the source (indicated in Figure 7)
suggest that the SNR may be interacting with a molecular
cloud (HESS Collaboration 2015). Several molecular clouds
are labelled in Figure 7 with gold circles. There is bright
FIR emission at the location of the radio structure, however
the clearest FIR is also coincident with molecular clouds.
Although there may be SNR-related dust in this region, we
cannot determine its association because of confusion, this
therefore satisfies our criteria for a level 2 detection.
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Figure 9. G67.8+0.5 - Herschel three colour image with NVSS
1.4 GHz contours overlaid. Dust emission is detected at 70 µm
from a faint radio source, and at all Herschel wavelengths from
a partial shell along the western and south-western edges of the
SNR. The white cross shows the radio coordinates of the SNR
centre from Green (2014).
G65.8−0.5: This object was only recently classified as
a SNR by Sabin et al. (2013) who used Hα to identify its
nature. We compare Hα and NVSS images with Herschel,
finding bright 70 and 160 µm emission at the east of the
source at the location of the Sabin et al. (2013) Hα structure.
We propose that this 70 and 160 µm feature is associated
with the SNR, although the structure is offset to, and more
extended than the radio emission seen in the NVSS 1.4 GHz
image (Figure 8). Unfortunately the Herschel SPIRE maps
at 250 – 500 µm do not cover the area where the Hα and
radio structure is seen. Additionally, at 160 – 500 µm there
is a region of emission detected at the radio centre of the
SNR, although this does not correlate with radio emission
and we cannot determine if this is associated. Given the close
spatial coincidence between the Herschel emission, Hα and
radio structures to the east of the SNR, we classify this as a
level 1 detection, though we note that here we do not have
the full colour information in the Herschel bands.
G67.8+0.5: Like G65.8−0.5, this source was only re-
cently identified as a SNR by Sabin et al. (2013). There is
bright 70 µm emission at α = 19h59m57.5s,δ = 30◦51′26′′,
coinciding with the location of an unidentified IRAS source
(IRAS 19579+3043) and with emission in the WISE 22 µm
archive image (though at lower resolution than Herschel
70 µm). Here, the FIR is anti-correlated with the radio as the
Herschel FIR peak is located in a gap in the radio structure.
There is also brighter 70 µm emission than the surround-
ings (bluer FIR than the surrounding emission) indicating
the presence of warmer dust emission. Although this doesn’t
align with the detection criteria defined in Section 2, we ex-
pect that this emission is associated with the SNR due to
the FIR colours and the coincidence with the radio centre.
There is also a bright shell across all Herschel wavebands to
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Figure 10. G298.6−0.0 - Herschel three colour image with
843 MHz (Molonglo Observatory Synthesis Telescope, MOST)
contours overlaid. Dust is detected in filaments at the east of
the source, and in a ridge along the southern edge as indicated
by the arrows. The white cross shows the radio coordinates of the
SNR centre from Green (2014).
the west and south-western edge of the SNR. We propose
that the central source and outer shell are associated with
the SNR and therefore classify this SNR as a level 1 de-
tection. It is possible that the central emission, which lacks
radio emission, could be cold SN ejecta dust (as seen in Cas
A, Barlow et al. 2010), while the shell emission is from the
ISM. Further follow up observations in other wavelengths
would be needed to investigate this. The temperature map
of this SNR is discussed in Figure 21.
G298.6−0.0: This is a mixed-morphology SNR, with
an X-ray filled centre and radio shell (Rho & Petre 1998;
Bamba et al. 2016). A filament of dust is detected in all Her-
schel wavebands at the eastern edge of this source at the lo-
cation of a bright radio filament detected by MOST (Molon-
glo Observatory Synthesis Telescope) at 843 MHz (Whiteoak
& Green 1996). There is also dust detected along the south of
the radio structure. At 70 µm this extends along the length
of the radio contours and is brightest at the western edge,
where emission at the other Herschel wavebands is found.
We therefore classify this as a level 1 detection. Comparing
the Suzaku X-ray image from Bamba et al. (2016), these
features are not correlated with the centrally filled X-ray
emission, and therefore are likely to originate from swept up
interstellar material given the coincidence with the edge of
the radio shell.
G306.3−0.9: This source is a recently discovered rem-
nant of a Type Ia SN (Reynolds et al. 2013) in which the
reverse shock has heated the central ejecta region (Combi
et al. 2016). The three colour Herschel image is displayed in
the top panel of Figure 11. The overall morphology in the
X-ray (Reynolds et al. 2013; Combi et al. 2016) is a semi-
circular shape with strong radio and X-ray emission in the
southwest, suggestive of an interaction with an interstellar
MNRAS 000, 1–25 (2020)
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Figure 11. G306.3−0.9 - Top: Herschel three colour image with
Chandra contours overlaid. Dust emission is detected at 70 µm in-
side the X-ray contours, especially towards the south-west where
there is the brightest X-ray emission. The white cross shows the
X-ray coordinates of the SNR centre. Bottom: three colour X-
ray image using Chandra archive images at 0.73-1.47 keV (red),
1.47-2.2 keV (green) and 2.2-3.3 keV (blue) with Herschel 70 µm
contours overlaid. See Reynolds et al. (2013); Combi et al. (2016)
for further details of the X-ray features. X-ray ‘distinct’ regions
from Combi et al. (2016) are labeled, where regions NE, C and
SW are attributed to ejecta material, and regions NW and S are
consistent with foreground shock material. Dust features seen in
the Herschel images are labeled 1–4.
cloud or an asymmetric SN explosion. Both X-rays and ra-
dio emission are fainter in the north. Combi et al. (2016)
showed that the SNR is brighter in softer X-rays towards
the centre and found distinct shock-heated ejecta regions in
the northeast, central and southwestern areas (see their Fig-
ure 7) with enhanced abundances and temperatures. Simi-
larly, they saw distinct X-ray regions in the northwest and
south of the SNR that they attributed to shockfronts inter-
acting with the interstellar medium.
Comparisons with the X-ray, radio, and hot dust emit-
ting at 24 µm using Spitzer observations were presented in
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Figure 12. G309.8+0.0 - Herschel three colour image with Chan-
dra contours overlaid. The gold circle indicates a bright knot of
70 µm emission which may be associated with the SNR, although
its location within the radio contours may be coincidental. The
white cross shows the X-ray coordinates of the SNR centre.
Reynolds et al. (2013) and Combi et al. (2016). In the
latter study, they noted that the 24 µm morphology from
shocked dust grains is shell-like, matching the distribution
observed in hard X-rays. The former study noted that an ad-
ditional ridge feature to the south seen in radio and X-ray
images is also correlated with the 24 µm emission, comment-
ing that this could originate from swept up dust or ejecta
dust. Reynolds et al. (2013) also mention that Herschel 160 –
,500 µm images show an over density of dust in the north
where the X-ray emission is the faintest.
In the Herschel image, the dust emission is concentrated
in the south, with very little dust at 70 µm in the north-east.
The Herschel dust features that are bright at 70 µm (blue
clumps in Figure 11) overlap with the known 24 µm features,
therefore this is a clear level 1 detection. The bottom panel
of Figure 11 compares the Herschel emission at 70 µm with
the distinct X-ray regions observed by Combi et al. (2016).
NE, C, and SW show the location of the reverse shock heated
ejecta regions and NW and S show regions where the X-ray
originates from forward shock material. We see a new dust
feature in the Herschel maps (labeled ‘4’ in Figure 11), to the
east of the centre of the SNR, which lies slightly ahead of the
radio shell. This is a bright elongated structure to the east of
the SNR which has two peaks, and lies slightly ahead of the
radio shell. It appears to overlap with the eastern-most part
of the NE X-ray region from Combi et al. (2016) but has very
little associated X-ray and 24 µm emission. This dust feature
has a very different colour to features 1 and 2, and is simi-
lar to feature 3, suggesting the dust temperature is cooler.
Given the lack of X-ray and radio emission associated with
features 3 and 4 and their different colour, we suggest they
are unrelated to the SNR even though feature 4, at first
glance, appears to be a continuation of the southern dust
shell along the eastern side. Instead we propose these are
part of a dust cloud that lies in front of the remnant in the
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north (as seen clearly in the 160 µm emission). The remain-
ing SN-related dust features (1 and 2) originally seen in the
24 µm Spitzer data are spatially coincident with the forward
shock material regions NW and S in Combi et al. (2016).
All of the dust features that are bright in the mid-FIR are
anti-correlated with the X-ray ejecta regions indicating the
dust in the south and across the centre is simply swept up
dust in a shell, with emission appearing to lie interior to the
shock wave simply being due to projected emission from the
shell (as we also saw in the Tycho SNR, Gomez et al. 2012a).
We note that C19 also found dust associated with an-
other candidate Type Ia SNe G344.7−0.1 (see also Combi
et al. 2010a; Giacani et al. 2011; Yamaguchi et al. 2012),
where the dust features are also consistent with a non-
supernova origin.
G309.8+0.0: There is lots of FIR emission across the re-
gion, although the majority seems to be unrelated extended
emission from interstellar clouds. We detect a bright knot of
70 µm emission to the east which has a similar morphology
to the radio structure (indicated by the circle in Figure 12).
However, the FIR extends slightly beyond the radio con-
tour, and the location of this emission may be coincidental.
Reach et al. (2006) listed this as a level 3 detection based on
NIR Spitzer observations (3.6 – 8.0 µm). The SNR is listed
in the table of OH detections from Green et al. (1997) but
whether this originates from a maser has not been confirmed.
A bright radio source, thought to be extragalactic in origin
(Whiteoak & Green 1996), is observed to the north of the SN
centre at α = 13h50m35.2s,δ = −62◦00′42′′; no related FIR
emission is observed at this location. Given the uncertainty
as to whether the dust feature within the gold circle is as-
sociated with the ejecta due to the multiple sources seen in
the field with similar Herschel colours, we classify this SNR
as a level 2 detection.
G350.1−0.3: This source is thought to be a very young
core-collapse SNR (≤ 1 kyr) with an associated neutron star
(Gaensler et al. 2008; Lovchinsky et al. 2011). It has a dis-
torted clumpy structure with X-ray emission from four re-
gions. Spitzer MIPS observations revealed 24 µm emission
arising from two of these X-ray regions, which was suggested
as likely originating from ejecta dust heated by the reverse
shock (Lovchinsky et al. 2011). Although Spitzer MIPS did
not reveal 70 µm emission associated with the SNR struc-
tures (Lovchinsky et al. 2011), with the higher resolution
and more sensitive Herschel PACS, we have detected dust
emission at 70 µm in one of the 24 µm-emitting regions to
the east, as indicated by the magenta circle in Figure 13.
We do not see any evidence of associated emission in the
longer Herschel wavebands. Since the Herschel 70 µm fea-
ture overlaps with the 24 µm dust attributed to the SNR
and with X-rays, we classify this source as a level 1 detec-
tion. We do not detect FIR emission at the location of the
proposed compact object (CCO) (Gaensler et al. 2008) (in-
dicated by the gold diamond). The strong 70 µm emission
from the dust region is similar to the properties of the ejecta
dust discovered in SNRs G11.2−0.3, G21.5−0.9, G29.7−0.3
(C19), and G54.1+0.3 (Temim et al. 2017; Rho et al. 2018).
Therefore G350.1−0.3 can be added to the growing list of
SNRs that contain dust within their ejecta.
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Figure 13. G350.1−0.3 - Top: Herschel three colour image
(smoothed to the 250 µm resolution). Bottom: Herschel 70 µm
image. The white contours are 24 µm Spitzer MIPS (Lovchin-
sky et al. 2011) and the cyan contours are X-Ray Chandra. Dust
emission is detected to the eastern side of this remnant, within
the magenta circle. This region correlates with SNR emission in
the X-ray, radio, and MIR (Gaensler et al. 2008; Lovchinsky et al.
2011). The gold diamond indicates the location of the associated
neutron star, XMMU J172054.5−372652 (Gaensler et al. 2008).
The white cross shows the X-ray coordinates of the SNR centre.
G351.2+0.1: This SNR has a well defined radio shell
(Caswell et al. 1983a), which appears flattened in the north
(Dubner et al. 1993) indicating that the shockfront is in-
teracting with dense ISM and that the SNR is relatively
young. The SNR has a compact (15′′ diameter) central core
in the radio (within the magenta circle in Figure 14) and
this is attributed to synchrotron emission powered by a pul-
sar (Becker & Helfand 1988). Figure 14 compares the radio
emission at 4.8 GHz (top left panel) with the Herschel three
colour image (top right panel). We processed the radio data
presented in Becker & Helfand (1988) in AIPS, following
standard calibration and imaging procedures.
In the Herschel images, we detect emission from the
northern shell of the SNR coincident with the thin radio
shell seen in the VLA image, as indicated by the arrows in
MNRAS 000, 1–25 (2020)
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Figure 14. G351.2+0.1 - Top left: VLA C-band (4.5 – 6.4 GHz) image and Top right: Herschel three colour image with VLA C-band
(4.5 – 6.4 GHz) contours overlaid. FIR emission is detected in a northern bar, between the two arrows, and more faintly from the south-
western shell at 70 µm. Emission from the central region within the magenta circle is detected across all Herschel wavebands. The white
cross shows the radio coordinates of the SNR centre from Green (2014). Bottom left: Three colour IRAC image using bands 1 (3.6 µm
- blue), 3 (5.8 µm - green) and 4 (8 µm - red). This image was made using archive data from the Spitzer Enhanced Imaging Products
Super Mosaic Pipeline. Bottom right: Herschel three colour image with VLA radio contours (see top panel), note we have changed the
colour scaling compared to the top right panel in order to highlight the central features more clearly.
Figure 14. There is also a bright 70 µm clump on the south-
western side of the SNR that coincides with a radio peak. We
see very little 70 µm emission at the location of the south-
east shell where the radio is bright. The brightest 70 µm
emission observed in the SNR is from the central radio core
(within the magenta circle, this is also visible in archival
Spitzer MIPS 24 µm data and the Spitzer IRAC image in
Figure 14). A further bright 70 µm source can be seen just
north of the flattened northern shell, and a fainter point
source that lies to the immediate east of the central core
are also detected; these are detected in the longer Herschel
wavebands and are likely not associated with the SNR. We
classify this source as a level 1 detection due to the spatial
coincidence of the central FIR core and northern FIR shell
with corresponding radio features.
The potential FIR detection of a compact object, or
PWN is interesting to explore, although the central core is
atypical of its class. It is very faint (10 mJy at 6 cm) (Becker
& Helfand 1988) with spectral slope α = +0.27, where flux
varies with frequency as Sν ∝ ν−α suggestive of a very weak
source (or possibly old source), compared to Crab-like rem-
nants where typically α ranges from ∼ −0.25 to −0.3. The
oddness of this source led Becker & Helfand (1988) to discuss
whether it could be a Hii region or stellar wind, where the
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Figure 15. G354.1+0.1 - Herschel three colour image with
MOST 843 MHz radio contours overlaid. FIR emission is detected
from within the radio contours although association with the
SNR is unclear. The gold circles indicate the locations of bub-
bles (Simpson et al. 2012) and a dense core (Purcell et al. 2012).
The white cross shows the radio coordinates of the SNR centre
from Green (2014).
spectral slope would be predicted to be −0.1 (+2.0) for op-
tically thin (optically thick) emission or +0.6 respectively.
The source was not detected by the MOST radio survey
(Whiteoak & Green 1996), though it lies below their sensitiv-
ity level. Notably, the central core is not detected in Chandra
archive observations1. We note that a hard spectrum X-ray
source attributed to a pulsar was observed within a 2×4deg
region with GINGA (Tawara et al. 1988) overlapping the lo-
cation of G351.2+0.1 and with a previously detected X-ray
source (GPS1722-363). The pulsation rate of this source is
414 s, oscillating between 1 – 4 milliCrab (where 1 Crab is
equivalent to 15keVcm−2 s−1 in the X-ray range 2 – 10 keV).
The compact core region is clearly detected in NIR
archive images of the region. Figure 14 (bottom panel) shows
a close up view of the NIR and FIR emission in the central
core, with NIR Spitzer IRAC three colour image on left (3.6,
5.8 and 8 µm), and the FIR Herschel three colour image
on the right. The central radio core is an extended feature
in the NIR bands, and is very similar to the IRAC images
of the PWN G54.1+0.3 and compact PWN in G21.5−0.9
(Zajczyk et al. 2012). In G54.1+0.3, Spitzer IRS spectra re-
vealed that the IRAC feature was from argon line emission
from the ejecta and a broad silicate dust feature peaking
at 9 µm (Temim et al. 2017; Rho et al. 2018). The simi-
larity of the NIR emission features could therefore suggest
that G351.2+0.1 adds to the growing list of sources of SN
ejecta dust detected from a PWN. We return to this source
in Section 3.4.
1 Chandra maps (obsid 3844; 4591) covering the SNR footprint
are presented in the massive star forming region omnibus of
Townsley et al. (2018).
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Figure 16. G355.6−0.0 - Herschel three colour image with
MOST 843 MHz radio contours overlaid. There is FIR emission,
with strong 70 µm flux indicated by the arrow, which may be re-
lated with SNR radio structure, although the region is extremely
confused and any SNR emission is difficult to disentangle. The
white cross shows the radio coordinates of the SNR centre from
Green (2014).
G354.1+0.1: There are multiple radio features in this
region and there are FIR filaments of emission observed in
the same regions as radio structures. Assuming that the ra-
dio emission from the SNR is the region encompassing the
pulsar (see Figure 15), the FIR may be associated with the
SNR, although we cannot definitively determine an associ-
ation due to the numerous unrelated FIR sources in this
region (gold circles in Figure 15). Thus we classify this as
a level 2 detection. We do not detect emission at the loca-
tion of the associated pulsar, PSR 1727−33, indicated by
the gold diamond in Figure 15 (Frail et al. 1994).
G355.6−0.0: This SNR is another mixed morphology
source (Rho & Petre 1998). As seen in Figure 16, radio ob-
servations show a clear shell in the MOST 843 MHz radio
image (Gray 1994b, their Figure 2) with enhanced emission
to the west. There are multiple FIR filaments in the re-
gion of this SNR, although the majority do not seem to
correlate with the radio. There is a filament of emission
near α = 17h35m08s,δ = −32◦36′14′′ which may be associ-
ated with the radio peak at the western edge of the SNR,
although the region is confused and we cannot confidently
determine whether this is related. This satisfies our criteria
for a level 2 detection in that there is potential FIR emission
related to SN features.
G357.7−0.1 (MSH 17-39): Known as ‘the Tornado’,
this unusual SNR candidate comprises a ‘head’, which ap-
pears as a shell- or ring-like feature in the radio (Shaver et al.
1985) and an unresolved extended clump in X-rays (Gaensler
et al. 2003), a larger extended radio shell/filamentary struc-
ture, and an elongated ‘tail’. These features are marked with
a magenta circle, contours and arrows respectively in Fig-
ure 17. The compact, bright radio source seen to the west of
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Figure 17. G357.7−0.1, The Tornado - Herschel three colour
image. We detect dust emission across all Herschel wavebands for
the ‘head’ of The Tornado, within the magenta circle. We also
detect FIR emission from the ‘tail’ of The Tornado, and from
a fainter filament extending around the head, as indicated by
the arrows. The Hii region known as the ‘eye’ of The Tornado is
detected to the west of the ‘head’, within the gold circle. The gold
diamond indicates the location of an OH (1720 MHz) maser. The
white cross shows the radio coordinates of the SNR centre from
Green (2014).
the head at α = 17h40m05.9s,δ =−30◦59′00′′ is the so-called
‘eye’ of the Tornado. However, this has been shown to be
unrelated to the SNR structure and is proposed to be an
isolated core embedded in a foreground Hii region (Brogan
& Goss 2003; Burton et al. 2004).
Although this region is confused in the FIR (Figure 17),
the Herschel images show clear emission from dust, with
bluer colours than the surrounding interstellar material, in
the Herschel images at the location of the head and the tail.
The coincidence of FIR emission with the radio-bright head
makes this a level 1 detected source. Further analysis of this
source can be found in Chawner et al. in prep.
G357.7+0.3: This source has a distinctive square mor-
phology giving rising to the name ‘the Square Nebula’. There
is extended OH (1720 MHz) emission along the western edge
of the SNR (Yusef-Zadeh & Goss 1999) and the recent dis-
covery of shocked molecules, broad Co in millimetre, shocked
H2 lines with Spitzer, and 158 µm [CII] with SOFIA in Rho
et al. (2017) provides unambiguous evidence that this SNR
is interacting with a molecular cloud. Although there is lots
of extended FIR structure making associated emission diffi-
cult to distinguish, there are filaments at the western edge
near to the OH (1720 MHz) emission which may be related.
We therefore classify this as a level 2 detection.
Phillips et al. (2009) observed comet-like structures to
the west of this source which they suggest result from in-
teractions between the SNR and nearby molecular clouds.
We detect FIR emission across all Herschel wavebands from
these structures near to α = 17h36m57s,δ = −30◦46′02′′,
α = 17h35m59s,δ = −30◦53′03′′, and α = 17h36m11s,δ =
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Figure 18. G357.7+0.3 - Top: Herschel three colour image with
MIPS 24 µm contours overlaid. Bottom: Herschel 70 µm image
with MOST 843 MHz contours overlaid (radio image is shown in
Figure 2 from Gray (1994a) and Figure 1 from Rho et al. (2017)).
FIR emission is observed within the gold circles from ‘comet’ like
structures to the west detected by Phillips et al. (2009), we do
not expect that these structures are associated with the SNR.
The white cross shows the radio coordinates of the SNR centre
from Green (2014). The gold diamond to the west indicates the
location of the Mira star V1139 Sco and the diamond in the north
indicates the location of an OH (1720 MHz) maser.
−31◦07′40′′, indicated by the gold circles in Figure 18. We
also see a plume of dust emission near the Mira star V1139
Sco, originally seen at 24 µm in Phillips et al. (2009). The
origin of this emission is unclear; Phillips et al. (2009) pro-
pose that the wind is being swept behind the star by an
interaction with the SNR, although the Mira star may be
unrelated and its location coincidental. We do not expect
that any of these structures are associated with the SNR.
If the structures were the result of interactions with the ex-
panding SNR we would expect them to point away from
it and the brightest emission would be at the furthest point
from the remnant centre. The morphology of these objects is
more similar to evaporating gaseous globules (EGGs) or pro-
toplanetary discs, it is therefore more likely that the knots
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Figure 19. G359.1+0.9 - Herschel three colour image. There are
FIR filaments towards the western edge of the SNR which may be
associated although the region is very confused. The white cross
shows the radio coordinates of the SNR centre from Green (2014).
are associated with star formation, which may have been
triggered by the SN. In order to check whether the comet-
like structures could be a result of the SNR interaction, we
roughly estimate the distance to these regions and compare
with the distance travelled by the SNR shock. We note that
little is known about the progenitor for this source.We fo-
cus on the structures labelled A to D in Figure 2 of Phillips
et al. (2009) and the closest source to the SNR, structure
G357.46+0.60. To be consistent with Phillips et al. (2009)
we assume that the SNR is at 4 kpc, and then assume that
the comet-like structures are at the same distance. Thus the
closest edge of the structures are at distances between 22
and 51 pc from the radio centre of the SNR (from Green
2014). The distance reached by the shock front is estimated
initially by assuming the most optimistic case, whereby the
SNR is freely expanding since the explosion (i.e. it is not yet
in the Sedov-Taylor phase). Assuming an ejecta mass be-
tween 5 – 15 M and an age of < 6400 years (Phillips et al.
2009), the shock wave would have reached a maximum dis-
tance of ∼29.3 pc in this time. We find that only the closest
globule (G357.46+0.60) is within range of the shockwave,
and only if the ejected mass is smaller than 8.5 M. If we
assume the SNR is in the Sedov-Taylor expansion phase, the
SF globules are well outside of the estimated shock wave
radius (5.0 pc) for a typical ISM n(H) of 1 cm−3. Higher
interstellar densities would further reduce the reach of the
SNR. Thus we do not expect that any of these structures
are associated with the SNR.
Phillips et al. (2009) used MIPS 24 µm combined with
low (arcmin) resolution IRAS data to propose that the
northern-most of these structures contains dust at ∼ 30 K.
Fitting a modified blackbody to background subtracted Her-
schel fluxes (see C19 for details) confirms that it contains
dust at ∼ 33 K.
G359.1+0.9: This SNR has a shell-like structure in the
radio (Gray 1994b, their Figure 10). Comparing the Herschel
emission by eye with their figure2, we see bright extended
emission to the east of this source and multiple FIR filaments
at the location of the SNR. Some of these filaments may be
associated with the SNR, although Figure 19 shows that this
region is very confused and we cannot definitively distinguish
SNR and unrelated emission making this a level 2 detection.
In the following section, we look at some of the proper-
ties of the dust emission detected in the level 1 SNRs.
3 INVESTIGATING DUST PROPERTIES IN
GALACTIC SUPERNOVA REMNANTS
Here we investigate the properties of the dust within a sam-
ple of our level 1 detected SNRs from both this work and
C19. We search for detection level 1 SNRs that are not in
overly complex/crowded regions of the Galactic Plane, and
sources that have not previously been studied in detail (this
excludes G11.2−0.3, G21.5−0.9, G29.7−0.3 (Chawner et al.
2019), G54.1+0.3 (Temim et al. 2017; Rho et al. 2018), and
G357.7−0.1 (Chawner et al. in prep). This leaves us with a
total of 11 sources out of the 39 level 1 detected SNRs.
First we investigate the dust temperatures in the SNRs.
Dust heated by the PWN, a reverse shock, or a forward
shock in a supernova remnant should lead to differences
in dust temperatures compared to that in the surrounding
interstellar medium since shocks lead to high temperature
electrons which can collisionally heat dust grains (Dwek &
Arendt 1992). We create temperature maps of the dust in
these SNRs (simulations of the temperature maps are dis-
cussed in full in Appendix B1 after estimating the back-
ground flux using the Nebuliser routine3, which subtracts
medium to large scale variations in the background of astro-
nomical images.
3.1 Background Subtraction
A large number of our level 1 detected sample are in com-
plicated regions of the ISM and have large variations in the
source flux. We minimise this issue by subtracting contami-
nation from the ISM using the Nebuliser routine. Nebuliser
estimates medium to large scale variations in the background
which can be subtracted from our SNR regions to give
a more accurate background-subtracted map4. As demon-
strated in Appendix B1, this can be used to accurately de-
termine the properties of source-related structures.
Many of our level 1 detected SNRs are in crowded fields
2 unfortunately, the radio fits data for this source or region was
not available for download online.
3 http://casu.ast.cam.ac.uk/surveys-projects/
software-release/background-filtering
4 In brief, the Nebuliser algorithm takes a square of N by N pixels
around a pixel and estimates the median of the intensities centred
on that pixel to estimate the background at that position. The
background map is smoothed using a box-car mean filter with
box size chosen to be N/2 × N/2 (Irwin 2010). The value of N
used varies between 75 and 350, depending on fluctuations in the
background and size of the SNR, and in some cases we mask
bright sources to avoid overestimating the background.
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and are close to or interacting with unrelated structures
such as Hii regions. We cannot subtract these using Nebu-
liser without also losing information about the SNR and our
resultant temperature maps are sensitive to some contam-
ination from such sources. This difficulty is aggravated as
the ISM is bright at Herschel wavelengths, especially 160 –
500 µm, making some SNRs difficult to distinguish in any
other than the 70 µm waveband. Consequently, we find that
the Nebuliser background subtraction at 160 µm is too harsh
in some regions, although this effect is much reduced com-
pared with for example, if we were to simply subtract a
constant value across the entire region.
3.2 Flux Estimates
After subtracting the medium-large scale background with
Nebuliser we estimate the FIR flux from each SNR in five
Herschel wavebands. For several of our sample there is some
contamination remaining in the background-subtracted
maps as there is structure of a similar scale to the SNR
which is difficult to remove. In these cases we apply a sec-
ondary subtraction estimated from the average level using
an annulus. The fluxes for our 11 SNRs are shown in Table 2.
The uncertainty associated with the flux is estimated
using a combination of the Herschel calibration uncertainty,
variation of the Nebuliser background map within the aper-
ture, and, where applicable, variation within the annu-
lus used for a secondary background subtraction. In these
sources the contaminating ISM flux may act to decrease
our estimates of the dust temperature, nevertheless, this
effect will be much reduced compared with temperatures
estimated without any background subtraction, as seen in
Figure 20.
3.3 Temperature and Mass Maps of Milky Way
SNRs
The three colour images created out of the Herschel im-
ages shown in Section 2.1 and Figure A1 reveal dusty struc-
tures and features that appear to be associated with other
known SNR tracers e.g. radio, X-ray or optical emission (i.e.
det = 1) or potentially related to the SN (i.e. det = 2). The
colour of the dust emission in these images is, in effect, trac-
ing the dust temperature in the environs of the SNR, how-
ever the colour scales chosen earlier are arbitrary, selected
only to highlight dusty features. Here we attempt to inves-
tigate the temperature of SNR-related dust and potential
heating sources using the FIR flux ratio (70 µm / 160 µm)
seen by Herschel for the detected level 1 sources (following
similar studies that used 24 µm / 70 µm flux ratios, Sankrit
et al. 2010; Williams et al. 2011; Pinheiro Goncalves et al.
2011; Lakic´evic´ et al. 2015; Temim et al. 2015; Koo et al.
2016). We select this colour ratio as this should be sensitive
to dust emission from grains at temperatures of ∼ 15 – 70K.
It should also be less affected by contamination from ionic
line emission, which can account for a non-negligible pro-
portion of the 24 µm flux (e.g. Koo et al. 2016; De Looze
et al. 2019) and less affected by unrelated point sources seen
in 24 µm images. However, this ratio, and particularly the
160 µm band, may be affected by confusion with unrelated
interstellar dust and line emission ([CII] 158 µm). The tem-
20 22 24 26 28 30
Temperature, K
Figure 20. Left: Dust temperature map of the level 1 detected
SNR G8.3−0.0 (Figure 3), derived using Equation 1 without back-
ground subtraction. Right: Dust temperature map derived after
using Nebuliser to subtract the background. The Herschel images
used to create the right-hand figure have been convolved to the
250 µm resolution to improve the signal. We are clearly able to
identify a wider range of temperatures after applying Nebuliser
background subtraction. The large and small gold circles indicate
the locations of an IR bubble and a maser respectively.
perature maps are derived using the 70 and 160 µm Neb-
uliser subtracted maps and assuming a single temperature
dust component with power law dust opacity index β = 1.9
(see C19 for more details) using the equation:
F70
F160
=
(
λ160
λ70
)β+3 exp( hcλ160kT )−1
exp
(
hc
λ70kT
)
−1
. (1)
where F70 and F160 are the fluxes at 70 and 160 µm, λ
is the wavelength, h is the Planck constant, c if the speed
of light, k is the Boltzmann constant, and T is the dust
temperature.
We present the dust temperature maps in Figure 21
with individual notes discussing the map for each SNR pro-
vided in Appendix B2. An example of the temperature maps
derived for the SNR G8.3−0.0 before and after background
subtraction is shown in Figure 20 to illustrate the significant
underestimation of the dust temperature (thus leading to an
overestimation of the dust mass) if the background level is
not properly accounted for. Before subtraction only a narrow
range of dust temperatures are seen in the SNR (Td < 26K),
whereas after subtraction dust is seen at 26 < Td < 30K.
See also the recent reductions of the proposed SN dust mass
in the Crab Nebula due to more sophisticated measures of
the background level (Nehme´ et al. 2019; De Looze et al.
2019). We attempt to interpret the dust temperatures in
Section 4.2.
We note that the Nebuliser routine used to subtract the
background finds medium to large ISM variations, but may
not subtract smaller scale complicated structure. Therefore,
there may be some contamination remaining, which will
act to artificially reduce the temperature. For two sources
(G43.3−0.2 and G349.7−0.2) we find lower dust tempera-
tures than Koo et al. (2016) derived using the 24 – 70 µm
flux ratio, this may be due to differences in the methods of
analysis and/or line contamination in the 24 µm waveband.
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SNR Flux (Jy)
70 µm 160 µm 250 µm 350 µm 500 µm
G8.3−0.0 1054.8 ± 75.8 1898.4 ± 134.6 883.7 ± 49.1 370.2 ± 20.5
G11.1+0.1 1251.0 ± 674.6 2934.8 ± 2549.5 2142.4 ± 1794.6 1010.3 ± 766.3 425.2 ± 298.1
G16.4−0.5∗ 2766.2 ± 1211.3 8907 ± 4054.2 6581.5 ± 1767.6 2964.0 ± 1139.9 1204.7 ± 320.6
G20.4+0.1∗ 979.9 ± 241.4 1508.2 ± 918.1 897.0 ± 607.0 377.7 ± 249.9 148.2 ± 95.2
G21.5−0.1∗ 490.9 ± 62.4 1050.6 ± 241.4 697.4 ± 164.3 302.9 ± 68.9 119.5 ± 26.7
G43.3−0.2 744.5 ± 61.2 283.6 ± 135.2 74.4 ± 113.7 20.9 ± 53.8 5.3 ± 23.1
G65.8−0.5∗ 75.8 ± 6.4 96.8 ± 20.0 22.3 ± 18.8 8.3 ± 9.7 2.0 ± 4.0
G67.8+0.5 107.3 ± 7.7 203.6 ± 20.5 100.9 ± 10.4 46.7 ± 4.9 18.2 ± 1.9
G310.8−0.4 1729.9 ± 593.5 2145.1 ± 1507.5 935.4 ± 1018.7 363.9 ± 449.2 162.4 ± 183.9
G340.6+0.3 220.6 ± 29.4 755.0 ± 117.8 506.5 ± 85.1 207.5 ± 36.7 80.2 ± 14.1
G349.7+0.2 588.4 ± 41.5 456.5 ± 32.8 158.8 ± 9.1 60.1 ± 3.5 19.6 ± 1.2
Table 2. The SNR flux is measured within the dashed white circle in Figure 21 from background subtracted maps convolved to the
resolution of the 500 µm Herschel map. In some cases point sources within the aperture are masked before measuring the flux. Uncertainties
are estimated from the standard deviation of the background map within the aperture and the Herschel calibration uncertainty. ∗Sources
which may be confused with a Hii region (Anderson et al. 2017; Gao et al. 2019).
SNR Distance (kpc) Dust Mass (M) Refs
G8.3−0.0 16.4 340 1
G11.1+0.1
G16.4−0.5∗
G20.4+0.1∗ 7.8 136 2
G21.5−0.1∗
G43.3−0.2 11.3 28.4 3
G65.8−0.5∗ 2.4 0.7 4
G67.8+0.5
G310.8−0.4
G340.6+0.3 15 138 5
G349.7+0.2 11.5 22.5 6
Table 3. ∗Sources which may be confused with a Hii region
(Anderson et al. 2017; Gao et al. 2019). Distance references:
1 – Kilpatrick et al. (2016), 2 – Ranasinghe & Leahy (2018b), 3 –
Ranasinghe & Leahy (2018a), 4 – Shan et al. (2018), 5 – Kothes
& Dougherty (2007), 6 – Tian & Leahy (2014).
Conversely, in some regions the background may be over-
subtracted where there are small scale variations, this seems
to be more of an issue for the 160 µm images and this leads
to hot artefacts in the maps.
Next we determine dust masses for the SNRs from this
sample for which there are estimated distances in the litera-
ture. Table 2 shows that, even for our clearest detections, the
SPIRE fluxes for our SNRs are very uncertain and we cannot
confidently use these fluxes to estimate a dust mass via mod-
ified blackbody fits to the IR-submillimetre SED for these
sources. Nevertheless, all of our level 1 sources are detected
at 70 µm, we therefore use these maps combined with the
temperature information in Figure 21 to estimate the dust
mass within each source, giving the dust maps in Figure 22.
When estimating the mass from these sources there are 2
issues to resolve. First, there are large areas with relatively
small dust mass which, when summed, contribute a large
mass to our final estimate. Second, in the case of G43.3−0.2
there is a region to the north of the SNR which has a low
temperature in Figure 21 because of low 70 µm emission in
this region (relative to the 160 µm flux), resulting in a large
dust mass. To overcome both issues we set a 1.5σ thresh-
old on the 70 µm background subtracted flux, below which
pixels are excluded from our dust mass estimate (lower flux
thresholds are required for G43.3−0.2 and G340.6+0.3). Us-
ing the white apertures shown in Figure 22 we find the dust
masses given in Table 3.
We estimate unexpectedly large dust masses for 3 of our
SNRs (G8.3−0.0, G20.4+0.1, and G340.6+0.3). In two of
these cases the estimated distance is extremely large; if this
is overestimated it will increase our dust mass, i.e. increas-
ing the estimated distance by a factor of 2 would increase
the estimated dust mass by a factor of 4. However, we also
note that closer remnants will have interacted with a smaller
volume of the ISM, and consequently would have conversely
swept up less dust mass as their shock front moves out. It
is therefore likely that there is another factor contributing
to this issue. As discussed previously, our images are highly
confused and, despite careful background subtraction, there
may still be contaminating ISM which acts to reduce the es-
timated temperatures in Figure 21. In the case of G8.3−0.0,
increasing the temperature of each pixel by 2 K or 10 K re-
duces our dust mass from 340 M to ∼ 190 or 35 M. Evi-
dently, our dust mass estimates are highly sensitive to small
changes in the temperature and we expect that our results
are greatly dependent on contaminating ISM.
Previous IRAS surveys by Arendt (1989) and Saken
et al. (1992) estimated dust masses for W49B (G43.3−0.2)
of 127.7 and 500 M and for G349.7+0.2 of < 25.1 and
4900 M, which are considerably larger than those that we
estimate (although we are consistent with the G349.7+0.2
mass estimated by Arendt (1989)). It is clear that back-
ground subtraction is crucial in finding accurate dust masses
and even small variations in the method of subtraction can
give vastly different results. With the higher angular res-
olution of Herschel compared with IRAS we make drastic
improvements in reducing the ISM contamination.
3.4 The Nature of the Centre of G351.2+0.1
In the previous Section, we did not produce a dust tempera-
ture and mass map for the SNR G351.2+0.1 due to the large
gradient in interstellar dust seen in the immediate vicinity of
the SNR shell (Figure 14). However the inner central/radio
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Figure 21. Dust temperature maps of our subset of detected level 1 sources derived using Equation 1. The images have been convolved
to 6 arcsec to improve the signal. VLA GPS 20 cm contours (white) are overlaid onto images of G8.3−0.0, G11.1+0.1, G16.4−0.5,
G20.4+0.1, G21.5−0.1, and G43.3−0.2. NVSS 1.4 GHz contours (white) are overlaid onto images of G65.8−0.5 and G67.8+0.5. MOST
843 GHz contours (white) are overlaid onto images of G310.8−0.4 and G340.6+0.3. Chandra contours (cyan) are overlaid onto the images
of G43.3−0.2, G340.6+0.3, and G349.7+0.2. In some cases over-subtraction of the 160 µm background introduces hot artefacts at the
edges of masked areas.
bright region where we discovered dust emission is observed
at high S/N in all of the Herschel bands. This potentially
indicates the discovery of FIR emission coincident with a
possible Crab-like compact object. To determine the nature
of this emission across the NIR – radio regime and because of
its brightness in all bands, for this source, we create a spec-
tral energy distribution (SED) of the centre. To determine
the nature of this emission across the NIR – radio regime,
we create a spectral energy distribution (SED) of the cen-
tre. We note that we can fit an SED for this source, as the
emission in all of the Herschel bands observed at the loca-
tion of the central radio core appear to be associated with
the same source.
Photometry of the compact source from 3.6 –3˙50 µm
(Figure 14) was derived using a circular aperture with di-
ameter 1.09 ′ centred at α = 17h22m24.8s,δ =−36◦11′06′′. In
order to minimize the effect of the second dust source just to
the east of the radio core (the red ‘blob’ in the bottom right
panel of Figure 14), the background emission was derived
using an annulus centred at the same co-ordinate with di-
ameter 2.84 ′ and width 1.00 ′. Numerous point sources in
the Spitzer bands were masked out and corrections were
applied to the IRAC bands to account for the extended
diffuse emission seen in the images following the instruc-
tions in the Spitzer IRAC handbook5. The Spitzer IRAC
fluxes were dereddened following the reddening law of In-
5 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
iracinstrumenthandbook/29/
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Figure 22. Dust mass maps for our subset of detected level 1 sources, derived using the background subtracted 70 µm flux and the
temperature maps in Figure 21. The estimated dust mass for each SNR, as given in Table 2, is estimated from within the white circle
for all pixels which have a 70 µm flux above a threshold level, after masking unrelated sources (shown by the gold circles).
debetouw et al. (2005) where AKS = 2.5mag
6. Errors in the
fluxes were determined by combining calibration errors with
the error determined in the background level. The photom-
etry is listed in Table 4 alongside the VLA photometry from
Becker & Helfand (1988), and the spectral energy distribu-
tion (SED) is shown in Figure 23. The synchrotron power
law for the compact radio core is shown with slope +0.27
(Becker & Helfand 1988). Following C19, we fit the SED
with two modified blackbodies to derive a cool dust tem-
perature and a dust mass. We have assumed that the dust
emissivity index β is kept constant at a value of 1.9. We
find a best-fit (χ2) model with temperature 45.8K (see also
Figure 21) and dust mass 0.18M(d/11kpc)−2 (where d is
the distance from Dubner et al. 1993). We also run a monte
carlo analysis by perturbing the observed fluxes within their
uncertainties 1000 times and refitting the SEDs. The median
SED fit from this analysis produces a cold dust component
with Td = 31.9± 1.5 K and Md = 1.1 ± 0.3 M(d/11kpc)−2,
and a hot dust component with Td = 242.1± 6.8 K and
Md = (3.9 ± 0.4) × 10−6 M(d/11kpc)−2.
One potential issue is whether the compact source is a
Hii region instead of a SNR. Although the dust temperature
we derive is hotter than the average values observed in Hii
regions (typically 15 – 30 K (Anderson et al. 2012a)), we note
that some Hii have observed dust temperatures up to 40 K
(Povich et al. 2007; Anderson et al. 2012b). We next compare
6 https://irsa.ipac.caltech.edu/workspace/TMP_wYHAkz_
6484/DUST/17_22_27_-36_11_00.v0001/extinction.html
NIR – radio colours with those observed in Hii regions since
different emission mechanisms should result in different pre-
dicted colours in the NIR – FIR and FIR-radio. Reach et al.
(2006) suggests that the Spitzer IRAC colours (3.8 – 8 µm)
can be used as a diagnostic between SNRs, the ISM (Hii re-
gions or their associated photodissociation regions, PDRs),
shocked molecular gas or ionised gas as well as synchrotron
sources. Recent Spitzer and Herschel studies of Hii regions
suggest NIR – FIR colour plots can also be used as a diagnos-
tic for their identification (Pinheiro Goncalves et al. 2011;
Anderson et al. 2012a,b; Paladini et al. 2012). Similarly, the
8 µm and 843 MHz ratios can offer an alternative diagnostic
(Cohen et al. 2007). Next we test whether the fluxes derived
for G351.2+0.1 can reveal whether we are observing dust
from an unrelated Hii region or a SNR.
Table 5 shows various colours predicted or observed in
Hii regions in comparison to those measured for G351.2+0.1.
At face value, the IR and radio colours show this source is
entirely consistent with interstellar material. However there
are some caveats with this. Although the IRAC colours for
this source are consistent with the ISM regions in Reach
et al. (2005) (see also Table 5), they are similar to that
observed in the PWNe G21.5−0.9 (Zajczyk et al. 2012).
Comparing with the log(F8/F24) versus log(F70/F24) colour
plot of Pinheiro Goncalves et al. (2011) (their Figure 3),
G351.2+0.1 lies along the slope of colours observed in Galac-
tic SNRs, consistent with dust emission with a colour tem-
perature (T24/70) of ∼ 45K for β = 2, and well above the
different trend line observed for Hii regions. Although the
colours are consistent with the narrow range of observed IR-
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NIR - FIR Radio
Wavelength Flux Frequency Flux
µm Jy GHz Jy
3.6 0.143 ± 0.022 15 0.0124 ± 0.0002
4.5 0.095 ± 0.014 5 0.0090 ± 0.0003
5.8 0.579 ± 0.087 1.5 0.0064 ± 0.0010
8.0 1.590 ± 0.239
24 1.155 ± 0.041
70 26.960 ± 2.716
160 20.256 ± 2.496
250 4.469 ± 2.631
350 0.292 ± 1.966
Table 4. Background subtracted flux measurements for the com-
pact source at the centre of G351.2+0.1. IRAC fluxes have been
dereddened (Indebetouw et al. 2005) and point sources in the
Spitzer IRAC and MIPS 24 µm images were masked out.
FIR values found in Hii regions (Paladini et al. 2012), these
overlap considerably with observed values for SNRs which
are observed to have much wider range of colours due to
the variety of morphologies, ages, emission mechanisms in
the latter. Comparing with colours for other known dusty
PWNe e.g. G54.1+0.3 and the Crab Nebula (see Table 5),
although G54.1 satisfies none of the Hii diagnostic tests, the
Crab does satisfy some. It is not clear how the presence of
ejecta dust in SNe would affect these tests, and whether,
given the wide range of properties of SNRs, it is even pos-
sible to use colours to distinguish between source types. We
conclude therefore that we cannot rule out that the dust
observed in the centre of G351.2 is unrelated interstellar
material, but nor can we rule out a SN ejecta origin.
4 DISCUSSION
4.1 Types of sources detected
Here we discuss the detection rates found in our Herschel
study. This work finds signatures of dust in 10 (8 per cent)
SNRs in the Galactic Plane (detection level of 1) compared
to the 29 detected in C19 (41 per cent detection rate). In to-
tal, we estimate a FIR detection rate of 21 per cent of Galac-
tic SNRs with | b |≤ 1◦ and classed as a level 1 detection.
Table 6 and Figure 24 give a summary of the types of SNRs
detected in this study. Of our new FIR detections, we ob-
serve dust emission from the shell/outer shock region of 8
SNRs, and from the inner ejecta region (interior to the re-
verse shock) of 4 sources. We detect 1 Type Ia and 1 core col-
lapse SNe. Combining with C19, this gives Herschel-detected
SN dust structures in 13 core-collapse SNe, including 4 con-
firmed PWNe, and 2 Type Ia’s in the HiGAL survey. In-
cluding the other Herschel discovered dusty remnants in the
Milky Way that were not covered by the HiGAL survey, that
is Cas A, the Crab Nebula, Tycho, Kepler and G292.0+1.8
(hereafter, we name this group the historical dusty SNRs),
the final statistics for dust features related to SN structures
in the Galaxy are therefore 16 core collapse SNe, including 6
PWNe, and 4 Type Ias (Table 6). Based on these 20 sources
where the SN explosion type is known, our dust-detected
sample is made up of 80 per cent core-collapse SNRs, and
20 per cent Ia SNRs, closely mirroring the observed rates of
Figure 23. Spectral energy distibution of G351.2+0.1 from NIR-
radio wavelengths. Fluxes are listed in Table 4. The synchrotron
emission assuming a power law slope of +0.27 (Becker & Helfand
1988) extrapolating from the VLA radio fluxes of the compact
core is shown by the solid (blue) line. The best-fit (χ2) hot
and cool modified blackbody fits to the photometry are shown
by the dot-dashed curves (magenta) and the combination of all
emission sources is shown in the solid (grey) curve. The dotted
(green) curve is the resultant median modified blackbody fit from
1000 SEDs derived by normally distributing the original observed
fluxes within their errors.
core-collapse and Type Ia SN explosions (van den Bergh
1993; The et al. 2006) with the former occuring at rates of
∼ 2− 3 SNe per century (van den Bergh 1991; Dragicevich
et al. 1999; Diehl et al. 2006; Li et al. 2011).
The detection of SN-related dust features in the Her-
schel images of the Type Ias G306.3−0.9 (this work) and
G344.7−0.1 (C19) could provide further insight into dust
formation in Ia SNRs, for which there is not yet any ev-
idence of ejecta dust forming in their remnants. Although
at first glance, the IR emission seen in the Herschel images
appears to originate from reserve shock-heated material, we
saw in Section 2.1 that for G306.3−0.9, the dust appears to
be associated with material swept up by the blast wave, or
unrelated interstellar clouds, and not from supernova dust.
A similar conclusion was reached by Gomez et al. (2012a)
for the Type Ia SNRs Kepler and Tycho.
Compared with previous FIR surveys of Galactic SNRs
by Arendt (1989) and Saken et al. (1992) our higher resolu-
tion helps us to better distinguish SNRs from the surround-
ing ISM, giving us higher detections rates within the Galac-
tic Plane. In comparison with Saken et al. (1992), we detect
7 sources in common (G31.9+0.0, G33.2−0.6, G43.3−0.2,
G54.1+0.3, G304.6+0.1, G340.6+0.3, and G349.7+0.2) and
upgrade 16 of their SNRs to level 1 Herschel detections from
the equivalent of their IRAS levels 2, 3, and 4. We also
find 9 detections in common with Arendt (1989, G11.2−0.3,
G31.9+0.9, G34.7−0.4, G43.3−0.2, G54.1+0.3, G304.6+0.1,
G340.6+0.3, G348.7+0.3, and G349.7+0.2) and upgrade 15
sources to level 1 Herschel detections from their IRAS lev-
els 2, 3, and 4. Although there are a small number of de-
tections in each study which, with Herschel, we downgrade
from a level 1 detection (8 from Saken et al. (1992) and 2
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Colour Hii region test G351.2+0.1 G54.1+0.3 Crab
Value Consistent with Hii? Value Hii? Value Hii?
3.6
8 | 4.58 | 5.88 |I8a 0.04|0.05|0.35|1 0.09|0.06|0.36|1 X .. .. .. ..
log(F160/F24)
b > 0.8 1.24 X 0.10 × 0.45 ×
log(F160/F70)
b >−0.2 −0.12 X −0.5 × −0.12 X
log(F70/F24)
b > 0.8 1.37 X 0.6 × 0.58 ×
log(F24/F8)
b < 1.0 −0.14 X 1.59 × 0.52 X
log(F24/F70)
c −1.5 to −1.0 −1.37 X −0.58 × −0.12 ×
F8/S843MHzd 27±10 282 ? 1.4 × 0.02 ×
Table 5. Summary of the various colour tests to resolve whether the dust source associated with the radio source observed in G351.2+0.1
originates from a Hii region or a SNR. Unless specified, all the subscripts refer to the wavelength in microns. References are a - Reach
et al. (2006), b - Anderson et al. (2012a), c - Paladini et al. (2012), d - Cohen et al. (2007). Also shown are the results of the same tests
for the PWNe G54.1+0.3 (fluxes are taken from Temim et al. 2017 and Rho et al. 2018) and the Crab Nebula (from De Looze et al.
2019).
from Arendt (1989)), we increase the detection rate of Galac-
tic SNRs within each sample from 17 to 24 per cent for the
Saken et al. (1992) sample, and from 13 to 26 per cent for the
Arendt (1989) sample (excluding sources which were not in-
cluded in the Green (2014) catalogue).
An interesting question is whether there exists a trend
with how dusty a SNR is and its age (e.g. Gall et al. 2014;
Otsuka et al. 2010). (Ages are listed in Table A1 where
known, see references therein.) Not including those without
estimated ages, Figure 24 shows that the highest proportion
of our detected sources are young, ≤ 5 kyrs, which may be
because the SNR is still compact so that surface brightness is
higher and therefore more easily ‘seen’ in the comparison of
the multicolour Herschel images. The historical dusty SNRs
also lie within this age range (Figure 24), indeed these are
mostly clustered towards younger ages than the majority of
the det=1 SNRs in our HiGAL survey (where the youngest
det=1 SNR is the core-collapse SNR G29.7−0.3, Kes 75).
This suggests that the previous historical dusty SNRs were
biased to the youngest (and potentially dustiest) objects,
whereas the sample in this work has detected dust signa-
tures associated with SNRs at a wider range of ages up to
102 kyr.
However, for all SN ages and types we are more likely
to find level 3 detections, where there is only unrelated FIR
emission in the region. Although this may imply that there
is no dust within these SNRs, we are also greatly affected
by confusion in cases where sources may have a similar dust
temperature to ISM dust or already starting to mix with the
ISM (i.e. larger/older), wherein it becomes more difficult to
separate ejecta and unrelated material. We therefore expect
that the detection levels quoted here are a lower limit on the
number of SNRs within the Galactic Plane which contain
dust.
Figure 25 shows the location of all of the SNRs stud-
ied within the Galactic Plane with Herschel as part of the
HiGAL survey. We find that the majority of the SNRs with
clear dust signatures (detection level = 1) are located to-
wards the central regions of the Galactic Plane in both lon-
gitude and latitude. This distribution follows the number
density of SNRs in general, which are concentrated towards
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Figure 24. As in C19, we show a summary of the source types
detected in the sample, including those in C19. Top: Filled his-
tograms compare the number of sources with different ages for a
given detection classification in HiGAL. The unfilled bar includes
the previous Herschel detections of Galactic SNRs not covered
by the HiGAL survey: Cas A, the Crab Nebula, Tycho, Kepler
and G292.0+1.8. Middle: As top panel, but showing the number
of sources with different SN types for a given detection classifica-
tion. Bottom: The detection level compared with the size and age
of SNR; the crosses indicate the properties of the previous histor-
ical SNRs. The age is unknown for 104 SNRs from our sample.
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Detection Type Number Detected
C19 This Work Historical
SNR Region \ Shell / outer shock region 23 8 3
Inner ejecta region * 8 4 3
Confirmed PWN † 4 0 1
Interacting molecular cloud 0 1
Age (kyr) ≤ 1 2 1 3
1 <Age ≤ 10 12 2 2
10 <Age ≤ 20 1 0
>20 4 0
Unknown 9 7
SN Type Type Ia 1 1 2
Core collapse 12 1 3
Unknown 16 8
Table 6. Summary of the level 1 detected sample in this work and C19. We also include the previously detected Herschel Galactic
SNRs as ‘historical remnants’: Tycho, Kepler, Cas A, the Crab Nebula and G292.0+1.8. * Sources from which we detect FIR emission
from the inner region are: G11.2−0.3, G16.4−0.5, G21.5−0.9, G21.5−0.1, G29.7−0.3, G34.7−0.4, G54.1+0.3, and G344.7−0.1 (C19), and
G306.3−0.9, G350.1−0.3, G351.2+0.1, and G357.7−0.1 (this work). †SNRs for which there is evidence that the detected central region
is associated with the confirmed PWN. We note that G351.2+0.1 could be associated with a PWN but the compact object has radio,
NIR – FIR detection only and other sources cannot be ruled out (see Section 2.1).
low latitudes and in the inner regions of the Galaxy (Green
2014, Figure 25, top panel).
The distribution of the ‘dust-detected’ sources in this
work can be explained due to our sample being dominated
by the remnants of core-collapse SNe, which make up the
majority of SNRs in the Galaxy. Core-collapse remnants are
observed to be found at lower latitudes, closely linked to star
forming regions concentrated in the thin disc of the Galaxy
(Hakobyan et al. 2016). Instead, Type Ia’s, which constitute
only a small fraction of our det=1 sample with known SN
types, are observed to lie at a wider range of latitudes, with
Galactic scale heights of ∼ 2 times that of core-collapse rem-
nants (Hakobyan et al. 2017) due to their association with
the older stellar population. We may therefore be biased
against finding dust in Type Ia SNRs in this work.
In order to interpret the distribution of dusty SNRs in
the Galaxy, we need to first note our selection effects. Al-
though we start from a blind Herschel survey of the sky
with HiGAL, and as such the dust information is ‘com-
plete’ within b± 1◦, due to the high levels of confusion in
the FIR we have to rely on the known locations of SNRs,
where we have used the Green (2004) catalogue. Since this is
the fundamental selection effect for this work, here we briefly
mention its completeness. Green (2015) comments that the
Galactic SNR catalogue is likely missing intrinsically faint
radio SNRs, SNRs where the physical size is small (diam-
eters < 1.5′), and more distant SNRs with smaller angular
sizes, as well as many sources having uncertain distances
due to the use of the Σ−D relation. Therefore our sam-
ple will also suffer from the same selection effects. We note
that our det=1 sampled follows the same l,b distribution as
his radio-bright SNR subsample (with a surface brightness
cut (1GHz)> 10−20Wm−2Hz) which they argue suffers from
fewer selection effects than the whole Galactic radio SNR
catalogue. However, the overlap between our detections and
the bright SNR sample can be attributed to the fact that
we rely on the radio images (where available) to identify
SN-related dust features.
We include the historical dusty SNRs for reference in
Figure 25. These lie outside the inner Galactic Plane, and yet
still have associated dust features (and indeed a significant
amount of ejecta dust). Again this implies that the detection
levels quoted here are likely lower limits, since there are∼100
more SNRs in the catalogue of Green (2014) not included in
the region surveyed by HiGAL (Figure 25, top panel).
Our previous study (C19) covered 10 ≤| l |≤ 60◦. Al-
though this study covers the entire Galactic longitude range,
the majority of additional sources are within | l |≤ 10◦. This
region is heavily contaminated with ISM dust, resulting in
a lower detection rate in this study compared with C19. An
additional factor causing a lower detection rate in this work
compared to C19 could be the lack of Spitzer data in some
regions; in particular Spitzer MIPS 24 µm has better spatial
resolution than Herschel, which helps to identify warm SN
dust structures more confidently. In our study, the major-
ity of the SNRs are classified as ‘heavily confused’ in these
regions. We remind the reader that the requirement of an-
cillary X-ray, radio or optical data in order to indentify SN
features against the surrounding ISM/CSM, and the non-
uniformity of the availability and quality of this data may
have further resulted in a bias in our HiGAL Galactic Plane
SNR sample.
In summary, we are more likely to detect dust in rem-
nants where we have good quality ancillary radio, X-ray,
optical or Spitzer 24 µm images, that are located at low
galactic latitudes due to both the higher concentration of
core-collapse SNRs and bright radio SNRs in these regions,
with PWNe due to the additional heating source that raises
the SN dust temperatures above the ambient ISM level (sim-
ilarly for shock heated dusty shells).
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Figure 25. Location of Galactic SNRs from Green’s catalogue as a function of their assigned detection number, 1–4 (green circles, orange
triangles, magenta squares, and grey plus signs respectively) and those not covered in the Hi-GAL survey (i.e. not studied here) shown
by the grey crosses. The dashed blue lines indicate the extent of the area surveyed by Hi-GAL. Top: All SNRs from Green’s catalogue.
Bottom: Sources within the Galactic Plane with | b |≤ 1 (including Chawner et al. 2019). Hi-GAL data is unavailable for 10 sources within
the Galactic Plane.
4.2 Interpreting the SNR Dust Temperatures: is
warm dust in SNRs collisionally heated?
In Section 3.3 we identified warm dust in shocked regions
of X-ray and radio emission, suggesting that these interac-
tions are heating this material. We compare models of shock
heating to determine the gas properties required to heat the
dust to the temperatures seen in Figure 21. In the case of
collisional dust heating, the dust temperature in X-ray emit-
ting plasmas can be given by the following expression for
Td . 70K (Dwek 1987):
T 4d =
( 32pime )
0.5ne(kTgas)1.5h(a,Tgas)
4σ < Q(a,Td)>
(2)
where ne is the electron density (cm−3), a is the grain ra-
dius (µm), Tgas is the gas temperature (K), h(a,Tgas) is the
grain heating efficiency (∼ 1 for most grain sizes), < Q >
is the Planck averaged dust absorption coefficient and we
assume < Q(a,Td) >= 0.16aT 1.94d for graphite and silicates
(Dwek & Arendt 1992). As indicated by Dwek (1987) the
dust temperature provides useful constraints on the allow-
able combinations of gas density and temperature behind
the shock.
In Figure 26 we consider 3 cases of electron density sim-
ilar to that observed in shocked regions of CCSNRs (e.g. for
Cas A ne = 16 cm−3 and ne = 61 cm−3 in the hot and cold
components respectively, Willingale et al. 2003), and one
case of a typical molecular cloud density (ne ∼ 1000 cm−3).
If the SNR dust in Figure 21 is collisionally heated we can
rule out small grains (a . 0.1 µm) for all densities other
than 1 cm−3. This would require unexpectedly cool electron
gas to give the range of dust temperatures (∼ 25 − 40K)
where X-ray measurement suggest that typical shocked gas
(or electron) temperatures are & 106 K (e.g. Koo et al. 2016).
For our lowest density (ne = 1cm−3) the full range of SNR
temperatures is available to us with grains of radius 0.5,
1.0, or 5.0 µm at reasonable gas temperatures of Tg > 106.
Smaller grains could provide the observed results, although
this is less likely as the gas temperature would be lower than
expected for shocked gas. For the densest region we find that
the surrounding gas must be cool (Tg . 105 K) and we must
have relatively large dust grains (a > 1µm): it is unlikely
that this describes our SNRs. It is possible that these emit-
ting dust grains are located in post-shock regions.
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Figure 26. Temperature of collisionally heated dust given by Equation 2 for electron densities of forward shock regions and molecular
clouds assuming graphite and silicate dust grains. The white region between the dashed magenta lines gives the range of temperatures
observed in our SNRs in Figure 21. The solid purple line is at 70 K, above which this relation for collisional heating no longer applies
(hence the lines end at Td = 70K).
5 CONCLUSIONS
We searched for far-infrared (FIR) counterparts of known
supernova remnants (SNRs) in the entire Galactic Plane, as
surveyed by Herschel at 70 – 500 µm, to supplement the first-
look catalogue of 71 SNRs studied by Chawner et al. (2019).
Of 119 sources studied here, we find that 10 (8 per cent) have
a clear FIR detection of dust associated with the SNR. When
combined with C19, this gives a total of 39 FIR detected
sources out of 190 known remnants with | b |≤ 1◦ across
the entire Galactic Plane (a detection rate of 21 per cent):
with dust signatures detected in the remnants of 13 core-
collapse supernovae (SNe), including 4 Pulsar Wind Nebulae
(PWNe), and 2 Type Ia SNe. A further 24 are detected in
sources with unknown types.
Additionally we have shown that:
• We tend to detect dust in younger SNRs.
• We confirm the detection of ejecta dust within the core-
collapse SNR G350.1−0.3, as seen in Spitzer 24 µm and now
Herschel 70µm images. This adds to a sample of only ∼ 10
SNRs from which ejecta dust has been observed and indi-
cates that SNe can form dust grains from elements synthe-
sised by the SN explosion. We see no evidence of cooler dust
in the ejecta nor dust located at the location of the compact
central object.
• We suggest that the dust features previously proposed
to be related to the G357.7+0.3 SNR (seen previously with
Spitzer) are dust bubbles associated with young star forming
regions, and not with the SNR itself.
• We reveal dust associated with G351.2+0.1. We pro-
pose that the FIR emission from the latter source originates
from a PWN (though we cannot conclusively rule out a Hii
region). We estimate a dust temperature and dust mass for
G351.2+0.1 of 45.8 K and Md = 0.18 M.
• We identify warm dust in several SNRs with tempera-
tures between ∼ 25 and 40 K which, if collisionally heated,
indicates that there must be relatively cool shocked plasma,
or the dust must be made up of large grains (a > 1µm).
However we caution that there could still be contamination
in our apertures with unrelated dust along the line of sight,
which we have shown could result in dust temperatures that
are biased low. We see that the largest source of uncertainty
in a FIR catalogue of SNRs is the result of significant con-
fusion with unrelated dust in the Milky Way.
• We estimate that 6 of our sample contain considerable
masses of dust, although ISM contamination may bias our
dust masses high.
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